Pannexin-1 (Panx1) plays a role in the release of ATP and glutamate in neurons and astrocytes. Panx1 can be opened at the resting membrane potential by extracellular ATP via the P2X7 receptor (P2X7R). Panx1 opening has been shown to induce neuronal death and aberrant firing, but its role in neuronal activity has not been established. Here, we report the role of the P2X7R-Panx1 complex in regulating muscarinic acetylcholine 1 (M1) receptor function. P2X7R knockout (P2X7 -/-) mice showed greater susceptibility to seizures induced by pilocarpine (PILO), an M1 receptor agonist, than their WT littermates, despite having similar levels of hippocampal M1 receptor expression. This hypersensitivity to PILO in the P2X7 -/-mice did not involve the GABA or glutamate system. Both administration of P2X7R antagonists and gene silencing of P2X7R or Panx1 in WT mice increased PILO-induced seizure susceptibility in a process mediated by PKC via intracellular Ca 2+ release. Therefore, we suggest that the P2X7R-Panx1 complex may play an important role as a negative modulator of M1 receptor-mediated seizure activity in vivo.
Introduction
The P2X receptors are a family of cation-permeable ligand-gated ion channels that open in response to binding of extracellular ATP. Among them, the P2X7 receptors (P2X7Rs) function through the formation of membrane pores that are permeable to ions and large molecules (Ca 2+ and ATP). P2X7R is a unique channel in that its activation not only opens a typical ion channel, but also gradually opens pannexin-1 (Panx1) for passage of molecules up to 900 Da (1) (2) (3) (4) . Panx1 is a vertebrate homolog of the invertebrate innexin gap junction proteins (5) . However, Panx1 does not form functional gap junctions, but acts as a channel that carries ions and signaling molecules between the cytoplasm and extracellular space (6, 7) . Panx1 plays a role in releasing ATP and glutamate in neurons and astrocytes. Panx1 channels can be opened at the resting membrane potential by extracellular ATP via P2X7R. Prolonged or repeated activation of Panx1 by ATP binding to P2X7R results in cell death (3) . Thus, Panx1 is the molecular substrate for the channel recruited into the P2X7R death complex.
Recently, it has been reported that the opening of Panx1 induces neuronal death and aberrant bursting in vitro (8, 9) . Thus, Panx1 is considered an important target for treatment of neurological disorders, such as stroke and epilepsy. Interestingly, prolonged and/or repeated Panx1 activation via P2X7R induces cell death, but only Panx1 opening does not (10) . However, the role of the P2X7R-Panx1 complex in neuronal activity is unknown. Here, we demonstrate that deletion and/or blockade of P2X7R and knockdown of Panx1 increased seizure susceptibility in response to activation of the muscarinic acetylcholine 1 (M1) receptor induced by pilocarpine (PILO), an M1 receptor agonist. We suggest that the P2X7R-Panx1 complex may prove to be an essential negative modulator of M1 receptor-mediated seizure activity in vivo.
Because the M1 receptor mediates PILO-induced seizure activity (12), we investigated whether a difference in M1 receptor expression affects the PILO-induced seizure threshold. There was no difference in M1 receptor expression level in the hippocampus between WT and P2X7 -/-animals (Figure 2 , D-G). Taken together, our findings indicate that P2X7 -/-mice may be more sensitive to PILO than are WT mice, without alteration in M1 receptor expression.
Increased PILO-induced seizure susceptibility in P2X7 -/-mice is unrelated to GABAergic or glutamatergic transmission. To determine whether alteration in GABAergic or glutamatergic transmission increases PILO-induced seizure susceptibility in P2X7 -/-mice, we compared the paired-pulse responses of the dentate gyrus in WT and P2X7 -/-animals. In both WT and P2X7 -/-animals, a single population spike was detected in response to the first stimulus. There was no difference in input-output (IO) curves between WT and P2X7 -/-animals ( Figure 3 , A-F). Both WT and P2X7 -/-mice showed strong paired-pulse depressions at 20- and 30-ms interstimulus intervals. They also showed paired-pulse facilitations at 70-, 150-, and 250-ms interstimulus intervals. There were no differences in the normalized population spike amplitude ratios (second population spike amplitude/first population spike amplitude) at any interstimulus interval between WT and P2X7 -/-animals ( Figure 3G ). Similarly, there was no difference in levels of vesicular glutamate transporter 1 (VGLUT1) or vesicular GABA transporter (VGAT) in the hippocampus between the groups (Figure 3 , H-K). These results suggest that the increased PILO-induced seizure susceptibility in P2X7 -/-mice may not involve GABAergic or glutamatergic transmission.
P2X7R antagonists increase PILO-induced seizure susceptibility in WT mice. To directly determine the effect of P2X7R on PILO-induced seizure susceptibility, 2′(3′)-O-(4-benzoyl)benzoyl adenosine 5′-triphosphate (BzATP; a P2X7R agonist), oxidized ATP (OxATP; a nonselective P2X7R antagonist), 3-[5-(2,3-dichlorophenyl)-1H-tetrazol-1-ylmethyl]pyridine hydrochloride (A438079; a selective P2X7R antagonist), or N-(1-{[(cyanoimino)(5-quino linylamino)methyl]amino}-2,2-dimethylpropyl)-2-(3,4-dime thoxyphenyl)acetamide (A740003; a selective P2X7R antagonist) was infused into WT and P2X7 -/-animals for 1 week prior to the PILO injections. BzATP infusion did not affect PILOinduced behavioral seizure scores in WT mice compared with saline infusion ( Figure 4A ). However, OxATP, A438079, and A740003 infusion increased PILO-induced seizure susceptibility in WT mice to levels observed in saline-infused P2X7 -/-mice (P < 0.05 vs. saline- or vehicle-infused WT, Figure 4A ; P = 0.43, 0.39, and 0.50, respectively, vs. saline-infused P2X7 -/-mice, data not shown). Neither BzATP nor the P2X7R antagonists affected PILO-induced behavioral seizure scores in the P2X7 -/-animals (data not shown).
Similarly, OxATP, A438079, and A740003 infusion induced epileptiform discharge in WT mice at 13.30 ± 2.92, 12.46 ± 3.98, and 10.46 ± 4.12 minutes after PILO injection, respectively, without alterations in basal EEGs ( Figure 4B ). OxATP, A438079, and A740003 infusion increased the normalized power value to 2.69-, 2.58-, and 2.65-fold of the control, respectively, at 11 minutes after PILO injection (P < 0.05 vs. saline- or vehicle-infused WT, Figure 4C ; P = 0. 38, 0.46, and 0.33, respectively, vs . saline-infused P2X7 -/-, data not shown). Neither the P2X7R agonist nor the P2X7R antagonists affected the time point of PILO-induced seizure onset in P2X7 -/-animals (data not shown). These findings indicate that PILO-induced seizure hypersusceptibility in P2X7 -/-mice may be a direct response to P2X7 gene deletion. Blockade of Panx1 function increases PILO-induced seizure susceptibility in WT mice. Because P2X7R interacts with Panx1 (3, 4) , it is possible that Panx1 function increases seizure susceptibility in P2X7 -/-mice. Indeed, carbenoxolone (CBX; a nonselective Panx1 blocker) and probenecid (PBN; a selective Panx1 blocker) show anticonvulsant effects in various seizure models (13, 14) . To evaluate the effect of Panx1 function on the PILO-induced seizure threshold, WT and P2X7 -/-animals were administered Panx1 blockers prior to PILO injection. Unexpectedly, pretreatment with 30 mg/kg CBX or PBN increased the PILO-induced behavioral seizure score in WT animals (P < 0.05 vs. saline, Figure 5A ). CBX and PBN pretreatment also induced an increase in the normalized power value to 2.24- and 2.44-fold of control, respectively, at 11 minutes after PILO injection (P < 0.05, Figure 5 , B, C, and F). In P2X7 -/-mice, neither CBX nor PBN pretreatment affected behavioral seizure score, basal EEG, time of seizure onset, or normalized power value induced by PILO ( Figure 5 , A, D, E, and G).
To evaluate whether altered Panx1 expression level affects the PILO-induced seizure threshold in P2X7 -/-mice, we performed immunohistochemistry and Western blot tests for Panx1. Panx1 immunoreactivity was present in the majority of the principal cells (pyramidal cells and dentate granule cells) and interneurons and was also detected in astroglia ( Figure 6A ). There was no difference in Panx1 expression level or its localization in the hippocampus between WT and P2X7 -/-animals ( Figure 6 , A-D).
To confirm the effect of Panx1 on the PILO-induced seizure threshold, we conducted Panx1 knockdown experiments in WT and P2X7 -/-mice. At 2 weeks after Panx1 siRNA infusion, Panx1 expression in the hippocampi of WT and P2X7 -/-mice was reduced, but there was no difference between groups in the degree of Panx1 knockdown ( Figure 6D ). In WT mice, however, Panx1 siRNA infusion increased the normalized power value to 2.92-fold of control at 11 minutes after PILO injection (P < 0.05, Figure 6 , E and F). Control siRNA infusion did not affect the normalized power value after PILO injection ( Figure 6F ). In P2X7 -/-mice, Panx1 knockdown did not affect the PILOinduced seizure susceptibility (data not shown). These results indicate that reduced Panx1 function may increase susceptibility to PILO-induced seizures in P2X7 -/-mice.
Blockade of intracellular Ca 2+ release reduces PILO-induced seizure susceptibility. Since PILO induces seizure activity via increased intracellular Ca 2+ release (ICR) (11, 12), we investigated expression levels of the inositol-1,4,5 trisphosphate (IP3) receptor, the ryanodine receptor, and sarcoplasmic or endoplasmic reticulum calcium ATPase 2 (SERCA2) in the hippocampi of WT and P2X7 -/-mice ( Figure 7 , A-J). There was no difference in IP3 receptor, ryanodine receptor, and SERCA2 expression between WT and P2X7 -/-mice. However, pretreatment with 2-aminoethyl diphenylborinate (2-APB; an IP3 receptor antagonist) effectively reduced PILO-induced seizure susceptibility in P2X7 -/-mice (P < 0.05, Figure 7 , K and L). Moreover, pretreatment with dantrolene (DAN; a ryanodine receptor antagonist) also reduced PILOinduced seizure susceptibility in P2X7 -/-mice (data not shown). These findings suggest that IP3 receptor-mediated ICR may be related to PILO-induced seizure susceptibility in P2X7 -/-mice.
PKC regulates the function of the P2X7R-Panx1 complex. Although Src tyrosine kinase mediates activation of Panx1 through P2X7R (15), the signal transduction molecule in this pathway is still unknown. Since PILO injection induces PKC expression via ICR in the hippocampus 2 hours after PILO injection (16, 17) , PKC is involved in one of the early PILO-related signal pathways in the brain. Therefore, we investigated the role of PKC in PILOinduced seizure susceptibility in P2X7 -/-mice. Pretreatment with bisindolylmaleimide (BIM; a PKC inhibitor) 3 days before PILO injection decreased PILO-induced seizure susceptibility in P2X7 -/-mice (P < 0.05, Figure 8 , A and B). Additional PBN treatment 13 minutes after PILO injection induced seizure activity, returning the normalized power value to the level of saline-infused P2X7 -/-mice ( Figure 8, C and D) . In WT mice, BIM infusion did not affect PILO-induced seizure susceptibility (data not shown). These findings indicate that PKC activation via IP3 receptor-mediated ICR may reduce Panx1 function, resulting in PILO-induced seizure hypersensitivity in P2X7 -/-mice.
Discussion
Activation of the P2X7R-Panx1 complex is involved in processing of proinflammatory cytokines (4, 18) and in release of ATP from several cell types, including astrocytes (19, 20) , erythrocytes (21) , and taste bud cells (22) . Long-lasting gating of Panx1 also causes aberrant ionic currents and dysregulated neuronal firing patterns by increasing Ca 2+ entry (9) . In addition, the Panx1-mediated ionic current is disexcited by P2X7R antagonists (10) . Therefore, we initially hypothesized that blockade or deletion of P2X7R could attenuate seizure activity or decrease seizure susceptibility. In the present study, however, we found that P2X7R deletion and blockade increased PILO-induced seizure susceptibility via nonglutamatergic and nonGABAergic transmission. Furthermore, inhibition of Panx1 increased PILOinduced seizure susceptibility in WT mice, but not in P2X7 -/-mice. M1 receptor activation results in initial accumulation of intracellular IP3 concentrations, which in turn increases the intracellular Ca 2+ concentration (11, 12) . Like connexins, Panx1 and P2X7R contribute to Ca 2+ wave propagation by transfer of IP3 and ATP-induced ATP release independent of extracellular Ca 2+ (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) . Indeed, CBX accelerates NMDA-induced membrane depolarization with a concomitant rise in intracellular Ca 2+ in vitro (34) . Although the high dosage of CBX was needed because of its partial exclusion by the blood-brain barrier (35, 36) , the present data also showed that CBX increased PILO-induced seizure susceptibility in WT mice. Thus, it is likely that Panx1 inhibition results in M1 receptor-mediated neuronal hyperexcitability via accumulation of IP3 and blockade of Ca 2+ wave and ATP release. Furthermore, P2X7R activation results in heterolo- gous desensitization and inhibition of the M1 receptor in the salivary glands (32, 33) . Taken together, our findings indicate that blockade or ablation of P2X7R and/or Panx1 may increase the duration and magnitude of M1 receptor-mediated ICR, increasing seizure susceptibility.
Since depolarization gating of Panx1-mediated ionic currents is disexcited by P2X7R antagonists (10), P2X7R-mediated signals regulate Panx1 opening. However, the exact mechanism is still unknown. In the case of gap junction, phosphorylation of connexin by various kinases regulates its permeability (37) (38) (39) . M1 receptor or P2X7R activation increases intracellular Ca 2+ signaling, which regulates PKC activity (40, 41) . Thus, the PKC pathway is one of the possible signal transduction pathways involved in modulation of Panx1-P2X7R interactions. In the present study, inhibition of ICR by 2-APB or DAN pretreatment reduced PILO-induced seizure susceptibility in P2X7 -/-mice. Furthermore, inhibition of PKC by BIM infusion decreased PILO-induced seizure susceptibility in P2X7 -/-mice to that of WT animals. This inhibitory effect of BIM was offset by additional treatment with PBN. With respect to dephosphorylationinduced opening of gap junctions (37-39), our results indicate that PKC activation via IP3 receptor-mediated ICR may inhibit opening of Panx1, reducing PILO-induced seizure threshold in P2X7 -/-mice. The results of the present study suggest that in WT animals ( Figure 9A ), M1 receptor activation triggers IP3 production and increases ICR. Elevated intracellular Ca 2+ contributes to opening Panx1. Opening Panx1 allows IP3 clearance, Ca 2+ wave propagation, and ATP release. Releasing ATP through Panx1 activates P2X7R, which desensitizes the M1 receptor and sustains Panx1 opening for clearance of IP3. In turn, PKC activation induced by increased intracellular Ca 2+ leads to closure of P2X7R and Panx1. In P2X7 -/-mice ( Figure 9B ), M1 receptor activation triggers ICR via IP3 production. Elevated intracellular Ca 2+ contributes to opening Panx1. However, in the absence of P2X7R, Panx1 opening and M1 receptor desensitization cannot be sustained. Simultaneously, PKC activation rapidly closes the Panx1 channel. This condition results in accumulation of intracellular IP3 and prolonged M1 receptor activation, and in turn induces neuronal hyperexcitability via accelerated IP3 receptor-mediated ICR, evoking seizure activity. Thus, our findings suggest that the P2X7R-Panx1 complex plays an important role as a negative modulator of M1 receptor activity via IP3 clearance and ATP release.
Methods
Experimental animals and chemicals. The animals used in the present study were 60- to 90-day-old male WT C57BL/6J mice and male P2X7 -/-mice (The Jackson Laboratory). Animals were provided a commercial diet and water ad libitum under controlled temperature, humidity, and lighting conditions (22°C ± 2°C, 55% ± 5% humidity, and 12-hour light/12-hour dark cycle). Animal protocols were approved by the Institutional Animal Care and Use Committee of Hallym University. The number of animals used and their suffering was minimized in all cases. All reagents were obtained from Sigma-Aldrich unless otherwise indicated.
Surgery. Mice were anesthetized (50 mg/kg Zoletil or 10 mg/kg Rompun i.p.) and placed in a stereotaxic frame. A hole was drilled through the skull to introduce a cannula. Each animal was implanted with a stainless steel cannula (Brain Infusion Kit 3; Alzet) inserted into the lateral cerebral ventricle 1.0 mm lateral to the bregma. The intracranial part of the cannula was located 2.5 mm below the skull surface, and the extracranial part was connected to an Alzet osmotic minipump (model 1007D, 1003D, or 1002; see below) with a polyurethane catheter. Minipumps were implanted subcutaneously in the midscapular region of the back. Before implantation, the minipumps were filled with one of the investigative compounds and prepared according to the manufacturer's instructions, so that chronic infusions began just after implantation. sense, 5′-UUUAAUGUUCUCCAGCACCTT-3′; (c) sense, 5′-GCUCAAAUC-GUACAAGUGUTT-3′; antisense, 5′-ACACUUGUACGAUUUGAGCTC-3′. A nonsilencing RNA, as indicated by Ambion Inc., was used as the control siRNA. The doses of drugs and siRNA were chosen based on preliminary studies indicating that administration of up to the chosen dose was well tolerated, and no signs of neurotoxicity (hind-limb paralysis, vocalization, food intake, or neuroanatomical damage) were observed.
Behavioral seizure activity. Mice were treated with KA (25 mg/kg i.p.), picrotoxin (5 mg/kg i.p.), or PILO (150, 175, 200, 225, or 250 mg/kg i.p.) 20 minutes after administration of scopolamine methylbromide (2 mg/kg i.p.) to reduce peripheral cholinergic effects. Mice matched for sex, age, and body weight received the same amount of saline as controls. In some animals, CBX (30 mg/kg i.p.), PBN (30 mg/kg i.p.), or saline (i.p.) was administered 30 minutes before PILO injection (250 mg/kg i.p.). Drug doses were chosen based on preliminary studies. Mice were monitored continuously for 5 hours to register onset and extent of seizure activity. Seizures were scored as follows: 0, normal; 1, immobilization; 2, rearing and falling; 3, seizure for less than 1 hour; 4, seizure for 1-3 hours; 5, seizure for more than 3 hours; 6, death. Electrophysiology. Mice were anesthetized (urethane, 1.5 g/kg i.p.) and placed in a stereotaxic frame. Holes were drilled through the skull to introduce electrodes. The coordinates for the recording electrode, relative to the dentate gyrus, were -2.0 mm anterior-posterior, 1.5 mm lateral to the bregma, and 2.0 mm deep, at a right angle to the skull surface. A stainless steel electrode (Plastics One Inc.) was used for recording. The reference electrode was placed in the posterior cranium over the cerebellum. Signals were recorded with a DAM 80 differential amplifier (0.1-3000 Hz bandpass; World Precision Instruments) and the data were digitized (400 Hz) and analyzed using MacChart 5 (AD Instruments). After establishing a stable baseline for at least 30 minutes, mice were injected with CBX (30 mg/kg i.p.), PBN (30 mg/kg i.p.), DAN (10 mg/kg i.p.), 2-APB (10 mg/kg i.p.), or saline (i.p.). 30 minutes after administration, PILO (250 mg/kg i.p.) was given. Drug doses were chosen based on preliminary studies.
Some of the animals were used for measurement of evoked responses in the dentate gyrus. The coordinates for the stimulating electrode, relative to the angular bundle, were -3.8 mm anterior-posterior, 2.0 mm lateral to the bregma, and 2.0 mm deep. Electrode depths were selected by optimizing the evoked response. Data were recorded with a DAM 80 differential amplifier, digitized (10 kHz), and analyzed using MacChart 5. Stimuli were applied as DC square pulses at 0.1 Hz with pairs of 100-μs constant current stimuli at 20-, 30-, 70-, 150-, and 250-ms interstimulus intervals, depending on the threshold intensity evoking the population spike (~1 mV). After establishing a stable baseline for at least 30 minutes and a control IO curve, mice were injected i.p. with the drugs described above, and pairedpulse responses were measured.
Analysis. Time of seizure onset was defined as the time point showing paroxysmal depolarizing shift, defined as lasting more than 3 seconds and consisting of a rhythmic discharge of more than 2 Hz and usually between 4 and 10 Hz (42). The amplitude spectrum analysis power value (referred to herein as the power value) was estimated by multiplying event amplitude (difference between the cyclic maximum and cyclic minimum value of an event, in mV) by event frequency (number of waveforms over detection threshold of an event [2 SD of cycles], in Hz), and the resulting power was expressed as mV•Hz. To analyze changes in the power values, they were normalized to the average of the values obtained for WT animals (controls). The population spike amplitude was measured by projecting a line from the negative peak to a tangent line connecting the spike onset and offset, when 1.2× threshold stimulus intensity was applied. To analyze changes in the evoked responses, the average of the population spike amplitudes of the first response during the baseline measurement was used to normalize all population spike amplitude measurements during a recording session for an individual animal (43) .
Anatomy. Control and test animals were perfused via the ascending aorta with 200 ml 4% paraformaldehyde in phosphate buffer (PB). The brains were removed, postfixed in the same fixative for 4 hours, and rinsed in PB containing 30% sucrose at 4°C for 2 days. Thereafter, the tissues were frozen, 30-μm-thick sections were obtained using a cryostat, and consecutive sections were collected in 6-well plates containing PBS. These free-floating sections were first incubated with 10% normal horse serum for 30 minutes at room temperature. They were then incubated with rabbit anti-M1 receptor IgG (M1 receptor, diluted 1:200; Millipore), ryanodine receptor IgG (diluted 1:1,000; Abcam), Panx1 IgG (diluted 1:500; Millipore), IP3 receptor IgG (diluted 1:1,000; Abcam), SERCA2 ATPase IgG (diluted 1:500; Abcam), VGAT IgG (diluted 1:500; Millipore), or guinea pig anti-VGLUT IgG (diluted 1:1,000; Millipore) in PBS containing 0.3% triton X-100 and 2% normal chicken serum overnight at room temperature. After washing 3 times for 10 minutes with PBS, sections were incubated sequentially with the secondary antibody and ABC complex (Vector Laboratories Inc.), diluted 1:200 in the same solution as the primary antiserum. Between incubations, tissues were washed with PBS 3 times for 10 minutes each. The sections were visualized using 3,3′-diaminobenzidine in 0.1 M Tris buffer and mounted on gelatin-coated slides. Double immunofluorescence for rabbit anti-Panx1 IgG (diluted 1:200; Millipore) and mouse anti-Panx1 IgG (diluted 1:200; Millipore) was also performed using the M.O.M. kit (Vector Laboratories) according to the manufacturer's protocol. Immunoreactions were observed using an Axio Scope microscope (Carl Zeiss). To establish the specificity of the immunostaining, a negative control test was carried out with preimmune serum instead of the primary antibody. No immunoreactivity was observed for the negative control in any structures. All experimental procedures in this study were performed under the same conditions and in parallel.
Western blot. After sacrifice, the hippocampus was obtained. Tissues were homogenized in 50 mM Tris containing 50 mM HEPES (pH 7.4), ethylene glycol tetraacetic acid (pH 8.0), 0.2% Tergitol type NP-40, 10 mM ethylenediaminetetraacetic acid (pH 8.0), 15 mM sodium pyrophosphate, 100 mM β-glycerophosphate, 50 mM NaF, 150 mM NaCl, 2 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, and 1 mM dithiothreitol. After centrifugation, the protein concentration in the supernatant was determined using a Micro BCA Protein Assay Kit with bovine serum albumin as the standard (Pierce Chemical). Aliquots containing 20 μg total protein were boiled in a loading buffer containing 150 mM Tris (pH 6.8), 300 mM dithiothreitol, 6% sodium dodecyl sulfate, 0.3% bromophenol blue, and 30% glycerol. Each aliquot was then loaded onto a 10% polyacrylamide gel. After electrophoresis, gels were transferred to nitrocellulose transfer membranes (Schleicher and Schuell BioScience Inc.). To reduced background staining, the filters were incubated with 5% nonfat dry milk in PBS containing 0.1% Tween 20 for 45 minutes, followed by incubation with rabbit anti-Panx1 (1:3,000), M1 receptor (1:200), ryanodine receptor (1:1,000), IP3 receptor (1:1,000), or SERCA2 ATPase (1:1,000) with peroxidase-conjugated goat anti-rabbit IgG. Western blotting was conducted with an ECL Western Blotting Detection Kit (Amersham) (44) .
Quantification of immunohistochemistry and Western blotting. For quantification of immunohistochemical data, images of each section (including the molecular layer and the granule cell layer of the dentate gyrus; 5 sections per animal) were captured. Each image was normalized by adjusting the black and white range using Photoshop (version 8.0; Adobe). Intensity measurements were represented as the mean grayscale value on a 256 gray-level scale (using NIH Image 1.59 software). Values for background staining were obtained from the corpus callosum. Optical density values obtained from immunohistochemistry and Western blotting images were corrected by subtracting the average value for background noise from 5 image inputs. The optical density was then standardized by setting the threshold levels.
Statistics. All data were analyzed using 2-tailed Student's t test or 1-way ANOVA to determine statistical significance. Bonferroni's test was used for post-hoc comparisons. The incidence of seizure was analyzed using Fisher's exact test. A P value less than 0.05 was considered statistically significant.
